Using forest roads produces more erosion and sedimentation than any other forest or agricultural activity. This study evaluated soil losses from a forest road in central Honduras over two consecutive years. We divided a 400-m segment of road into 8 experimental units, each 50 m in length. Four units were treated with Best Management Practices (BMPs) and four were left untreated. The BMP treatments included reshaping the road prism, installing culverts and reshaping of road ditches, compacting 20-cm layers of the road tread, crowning the road surface (3% slope, double drainage), longitudinal sloping (less than 12%), and adding a 10-cm layer of gravel (crush size = 0.63 cm). Soil movement was measured daily during the rainy seasons. The highest soil loss occurred in the control road, around 500 m 3 ּ km -1 per year, while the road treated with BMP lost approximately 225 m 3 ּ km -1 per year. These results show that road surface erosion can be reduced up to 50% with the implementation of surface treatments.
Introduction
The majority of sediment production due to forest management practices comes from timber harvests and road construction. The building and maintenance of forest access roads is responsible for more than 90% of sediment produced during logging operations (Brooks et al., 1991; Sidle, 1980) . According to FAO (1989) , a road 4 m wide receiving 390 cm of rainfall per year with an average slope of 10% and 6 culverts km -1 could produce as much as 500 t km -1 sediment per year, depending upon traffi c intensity. Coarse and suspended sediment production rates for an unsealed road surface range from 6 to 10 and 14 to 26 t km -1 per year, respectively (Gray and Sotir, 1996) . Both coarse and fi ne particles may settle in adjacent water bodies, resulting in sedimentation of stream channels and reservoirs and deterioration of water quality.
Sediment production by the forest road prism occurs at three critical features: the road surface, cut slopes, and fi ll slopes. At the road surface, unconsolidated material is susceptible to erosion during precipitation events and may have erosion rates up to 21.5 times higher than that of timber harvest areas (Burroughs and King, 1989 ). Annual sediment production from forest road surfaces is estimated to be 125 to 225 t km -1 , two thirds of which is suspended sediment and the rest is coarse material (Gray and Sotir, 1996) .
A number of best management practices (BMPs) implemented during forest operations are designed to control pollution-causing activities from forest operations (FAO, 1989) . Common road BMPs include impermeable road surface treatments, adequate surface and subsurface drainage structures, and proper location and design of haul roads. Gravel surfacing has proven to be a very effective tool to protect road surfaces. A properly graveled road surface produces less sediment than an unsealed road surface, because an increase in surface roughness reduces raindrop impact and soil particle detachment. Surfacing with durable materials and compaction with blading (grading) are effective techniques to reduce the amount of small soil particles produced on a forest road surface (US Forest Service, 1993 ). An adequate thickness of surface gravel (7-10 cm) must be used to ensure durable protection.
The 7,000-km road network in Honduras produces large amounts of sediment. In 2001, only 20.3% of the roads were paved (World Bank, 2003) . The unpaved roads are characterized as low-traffi c, constructed in steep mountainous terrain with unconsolidated materials. These roads are used mainly to connect small villages and to provide transportation for products, especially coffee and timber. There are no specifi c regulations safeguarding water quality during road construction and maintenance. In most cases, water quality protection is ignored by forestry technicians and private companies. There are no regulations for slope protection nor are there standards for the construction and maintenance of road surfaces or drainage. Currently, there is no protection for streamside zones, riparian areas, or municipal watersheds during road construction (Laboranti, 1992) .
The objective of this study was to determine and compare soil loss from treated (BMPs implemented) and untreated (traditional road construction practices) sites during and after forest road construction.
Materials and methods

Study area
This study was conducted in the pine forests of the National School of Forest Sciences (ES-NACIFOR), located 3.5 km southwest of the town of Siguatepeque, Honduras (13°-16° N, 83°-89.5° W) (Figure 1) . The school has 42 km of roads connecting 4,200 ha of forest. This road system is used for all forest management activities, including timber harvesting, reforestation, and fi re protection. The forest area is located within the El Cajon watershed, which supplies the nation's largest reservoir and provides 70% of the country's hydropower (Gollin, 1994) . The area is very mountainous, with elevations ranging from 540 to 2,500 m above sea level. Most of the forest is located on slopes greater than 40%. The soils are well-drained Lithosols of the series Cocona, with a sandy loam texture and a pH ranging from 5.0 to 6.0 (Laboranti, 1992) . Tropical forests are typically associated with coastal mountains receiving high amounts of precipitation, while pine forests containing the headwaters of rivers are found in the mountains of central Honduras. 
Methodology
This study was designed to evaluate the soil loss from road surfaces. In order to test the effectiveness of the road surface treatments, we divided the road into 8 segments, each 50 m long. Four segments were constructed using BMP methods (treated) and the other four were located in a section where traditional road construction methods were used (untreated) (Figure 2) . The following BMPs were used during the fi rst year of the study: (1) reshaping of the road surface; (2) installation of new and cleaning of existing concrete culverts; (3) compaction of two 20-cm layers of the road tread with selected materials, where the surface was crowned to 3% slope with double drainage (outslope and inslope surface); (4) improvement and reshaping of road ditches (1 m wide and 0.5 m deep); and (5) longitudinal slopes less than 12% (all road segments range between 8 and 12% slope).
Prior to the fi rst measurement period, all road sections (BMP and traditional) were graded to remove wheel ruts and provide a consistent initial road condition. The control section was located adjacent to the BMP segment in the untreated part of the access road. Both traditional and BMP sections were measured under similar traffi c conditions. Traffi c was estimated with a traffi c counter at a rate of 2,400 vehicle passes per year, including 30% heavy trucks and 70% medium and small vehicles. Vehicles speeds rarely exceed 45 km h -1
. Soil losses were measured using a rill meter, a device designed by the authors to measure the cross section lowering (own design and construction, Siguatepeque, Honduras) (Seyedbagheri, 1996) (Figure  3 ). Each 50-m road segment was divided into three equal sections, and measurements were taken at the end of the fi rst and second third of each segment (Blaney and Warrington, 1983) . Thus, 2 measurements (34 readings each) were made in each of the 50-m road segments. Crosssection locations were marked with buried concrete benchmarks. Rills were measured daily during the rainy season. The rill meter not only measures soil losses, but also soil depositions along the road. For the purpose of this study, soil deposition was also considered as a soil loss, because this represents unconsolidated soil particles that will eventually leave the road surface through the road drainage system, producing erosion and sedimentation. There were no road surface treatments (sealing) in fi rst year. In the second year, a road tread surface treatment was added to the treated road segments. This treatment consisted of a layer of 10 cm of gravel (washed and crushed at 0.63 cm = 1/4 inch). Eighty cubic meters of gravel were hauled to the study area and were uniformly distributed along the treated road surface using a grader.
Design and statistical analysis
A split plot design was used with time (months) nested within explicit repeated measures to detect differences between treatments throughout the months of the rainy season. Data were fi rst subjected to analysis of variance (ANOVA) (Zar, 1999) . The least squares test was used to detect differences among all months. This test provides the best fi t between the fi eld-observed values and the values provided by the statistical model (Zar, 1999) . Data were log-transformed to meet assumptions of normality. A generalized linear model procedure, Proc GLM (SAS Institute, Inc. Cary, NC, USA) was used to analyze the relationship between erosion and deposition for the BMP-treated segment.
Results
Soil losses and deposition on the road surface. First year
Unprotected (control) road surfaces produced twice as much as sediment as the BMP-treated road. Due to the large amount of rainfall, some sloughing within the untreated road segment contributed to the much higher soil loss. When the observed soil loss was plotted by month, it became obvious that BMP-treated road segments produced low soil loss during the study period (Figure 4 , SD = 11.2, Table 1 ). There was a signifi cant difference in sediment production between the treated and untreated road segments (ANOVA; p = 0.019, Table 1 ). There was also a signifi cant difference in sediment production during the four months of the rainy season (ANOVA; p < 0.001, Soil deposition consists of particles eroded from the road surface which are then moved along the road. These soil particles deposit into the road ditches and are fi nally transported to a given point within the watershed. Soil deposition increased as the rainy season developed and then decreased toward the end of the rainy season to the August values. Soil deposition values for the rainy season of the fi rst year were slightly lower than the values of road surface's soil loss for both the control and the BMP road (Figure 4) . The highest soil deposition occurred during September, and the lowest in July. There was no difference between treatments (ANOVA, p = 0.0687, Table 1 ), but there was a highly significant difference in the soil deposition values for the four months of the rainy season (ANOVA, p < 0.001, Table 1 ). There were also signifi cant differences among all months (p < 0.001), except for the individual deposition rates between August and September, and August and October (p = 0.2974). There were no signifi cant interactions between treatments and months (ANOVA, p = 0.598, Table 1 ).
Soil loss and deposition on the road surface. Second year
In year 2, a single BMP (10 cm of gravel) was applied to the treated road while the control road remained untreated. No signifi cant differences were found between treatments for soil loss or for soil deposition (ANOVA, p = 0.352). The highest soil loss at the control road occurred in September (average = 158 m There was a signifi cant difference in the amount of soil loss during the three months of the rainy season (ANOVA, p = 0.013), but there was no signifi cant interaction between treatments and months (ANOVA, p = 0.386, Table 1 ), indicating that the gravel treatment did not have an effect in those months. In addition, there was no signifi cant difference between August and October (p = 0.513) but there was a signifi cant difference between September and October (p = 0.022). Soil deposition was slightly lower than soil loss for both the control and the BMP road in the second year ( Figure 5 ). The highest rate of soil deposition occurred in the month with the highest precipitation (September) and the lowest occurred in the month with the lowest precipitation (October). There was no difference between treatments (ANOVA, p = 0.725, Table 1 ), but there was a signifi cant difference between the values of soil deposition during the three months of the rainy season (ANOVA, p = 0.013, Table 1 ). There was no signifi cant interaction between treatments and months (ANOVA, p = 0.726, Table 1 ).
Discussion
Based on the results obtained, road surface erosion can be reduced up to 50% with the imple-mentation of a combined set of BMPs that increase road base compaction and improve water movement over the road surface. Gravel surfacing has proven to be a very effective tool to protect road surfaces (US Forest Service, 1993) . Its high cost aside, this treatment was not very effective in reducing erosion on this type of road (low volume and low traffi c forest roads). This might be attributed to the short study period and the fact that the road surface (at the control segments) was already compacted such that little soil particle movement occurred. In addition, measuring the road surface with the rill meter may be inappropriate after applying a 10-cm layer of gravel because the rill meter's pins may go into the interstitial spaces of loose gravel and the measurements may not be accurate. Runoff plots might be a better method of measuring road surface treated with gravel. In general, we believe that the BMPs tested during the fi rst year of experiments should be enough to protect the road surface, so long as they are properly implemented.
Interpreting the results of soil deposition on forest roads may be confusing. Soil loss is often referred to as erosion and the gain or deposition is also referred to as sedimentation. Erosion is the soil movement produced by raindrops or overland fl ow (in the case of water erosion), and sedimentation refers to the past deposition of soil particles at a given drainage reference point . In the present work, a relationship between soil erosion and deposition was observed throughout the two years of the study. There was a good linear relationship between erosion and deposition for the BMP-treated segments (r 2 = 0.84, Standard Error [SE] = 34%) and a less robust relationship for the control road segments (r 2 = 0.69, SE = 50%). When the control and BMP segments were combined, a relationship between erosion and deposition (r 2 = 0.70, SE = 48%) was also observed. Most soil erosion from the road surface occurred when there was increased rainfall. In fact, a strong relationship (r 2 = 0.91, SE = 61%) between rainfall and erosion has been observed in previous studies (Rivera et al., 2008) . This may be attributed to the fact that soil erosion occurs immediately after the rainfall event while deposition occurs afterwards, when soil particles settle along the road profi le.
The highest soil erosion occurred in September, the month with the highest recorded precipitation, while October was the highest month for deposition. By October, soil has detached from the road surface and was found down the slope and deposited along the road. Because soil loss was slightly higher than soil deposition, it is assumed that the difference left the road surface through ditches. For both soil deposition and soil erosion, the observed variations were not a result of the treatments, and were probably due to differences in seasonal precipitation.
In general, the testing of the above-mentioned BMPs indicated that compaction of the road surface and the road drainage system were the most important practices to reduce soil erosion. Compaction and shaping (crowned surface) of the road prevents water from penetrating the road surface, which reduces pooling and allows for the dispersal of surface water. This drainage protects the road confi guration by dispersing the concentrated fl ows that are associated with high water erosion and transport. Road drainage may be critical in controlling surface fl ows during high-intensity rain events in the tropics. The combined effect of the above mentioned BMPs reduced erosion at our study site by almost half.
Long-term studies should explore how far down the slopes soil particles are moving. The sediment delivery ratio (SDR) is the ratio of sediment or soil delivered at a given point in the watershed coming from all upland sources above that point (Lal, 1975) . At the watershed scale, sediments from recently constructed roads are increased by a factor of fi ve, while at the construction site, they are increased by a factor of about 500 (Seyedbagheri, 1996) . This indicates that there is slope storage of sediments along the hillslope profi le and the road. We assumed that the percent of sediments reaching stream channels might be very low with the implementation of the tested road BMPs (reducing half of the produced erosion). The SDR may provide the exact amount of sediment that reaches the down slope water resources.
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We would like to thank to the sponsor of this research project: the U. Los caminos forestales producen mas erosión y sedimentación que cualquier otra actividad agricola o forestal. En la parte central de Honduras, las perdidas de suelo producidas en la superfi cie de caminos forestales fueron evaluadas por dos años consecutivos. En la superfi cie del camino, se establecieron 400 m de camino en los cuales se colocaron ocho unidades experimentales de 50 m de longitud. Cuatro unidades fueron tratadas, mientras que cuatro no fueron tratadas y se dejaron como testigos. Los tratamientos aplicados fueron: conformado del prisma del camino, instalación de alcantarillas y limpieza y conformado de cunetas, compactación en capas de 20 cm con material selecto, bombeo de la superfi cie del camino con una pendiente transversal doble de 3%, una pendiente longitudinal menor del 12% y una capa de 10 cm de grava triturada (a 1/4 inch = 0.63 cm). Los movimientos de suelo fueron medidos durante las estaciones de lluvia. Los resultados fi nales mostraron que las perdidas de suelos en los segmentos no tratados fueron de alrededor de 500 m 3 .km -1 por año, mientras que en los segmentos tratados resultó cerca de 225 m 3 .km -1 por año, mostrando que la erosión de la superfi cie del camino puede ser reducida hasta en un 50% con tratamientos de la superfi cie.
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